Introduction {#sec1_1}
============

Bone and joint complications can occur, over time, in about 31% of patients with SCD, both in the acute setting such as painful vaso-occlusive crises (VOC) and as a source of chronic, progressive disability such as avascular necrosis (AVN), resulting in significant morbidities \[[@B1]\]. The major manifestations are osteonecrosis (ON), osteomyelitis, septic arthritis, and bone infarction \[[@B1]\].

Effective management of these bone and joint sequelae reflect accurate diagnosis, understanding of this disorder\'s pathophysiology, as well as knowledge of available medical and surgical treatment alternatives.

AVN can present with a broad spectrum of clinical manifestations ranging from incidental finding in asymptomatic patients to severe pain, functional limitations, and compromising the quality of life \[[@B1], [@B2], [@B3], [@B4]\]. As ON is a progressive disease, its diagnosis may need a different form of radiological imaging, which ranges from standard X-ray, magnetic resonance imaging (MRI), and computed tomography (CT) to radionuclide scans. MRI is considered one of the best available imaging modalities to detect and to grade early bone changes. It might show areas of sclerosis and lucencies in the affected bone, articular surface collapse or flatting, attenuation of the epiphysis, and narrowing of joint space \[[@B5]\].

Early stages of the disease might benefit from nonoperative treatments. Hyperbaric oxygen (HBO) therapy has been suggested to reverse cellular ischemia and to decrease the inflammatory response for the symptomatic early stage ON. Furthermore, HBO helps facilitate the oxygenation of hypoxic bony tissue and to reduce the edema by increasing the concentration of dissolved oxygen \[[@B6]\]. We report the response of 3 patients with SCD and AVN to HBO therapy and reviewed the current literature.

Case Presentation {#sec1_2}
=================

Case 1 {#sec2_1}
------

A 33-year-old male patient had nontransfusion-dependent sickle cell disease (SCD) and was on hydroxyurea (1,000 mg p.o. daily) due to recurrent VOC complicated by AVN of both hips (pain score 7), his ferritin level was within normal limits. He received 28 daily sessions of HBO therapy (daily sessions which last 2 h with a pressure of 2.5 PSI). He reported marked improvement of hip pain (pain score 4), with concomitant improvement of MRI findings at 6 months after treatment (Fig. [1](#F1){ref-type="fig"}).

Case 2 {#sec2_2}
------

A 37-year-old female with nontransfusion-dependent SCD had infrequent VOC. She suffered from Graves\' disease with ophthalmopathy and was on treatment with carbimazole and steroid. Her ferritin level was within normal limits. She developed AVN of the left shoulder (pain score 7) and received 15 sessions of HBO (daily sessions which last 2 h with pressure of 2.5 PSI). Subjectively, she felt minimal improvement in her shoulder pain (pain score 6), although her MRI done 1 year after her treatment showed significant partial improvement (Fig. [2](#F2){ref-type="fig"}).

Case 3 {#sec2_3}
------

A 32-year-old female patient with transfusion-dependent SCD (received around 40 units of PRBCs over the last 5 years) was on the iron-chelating agent deferasirox and had a high level of ferritin (1,680 μg/L, normal level 12--160 μg/L). She had multiple VOC while on hydroxyurea therapy (500 mg twice daily) and developed AVN of both hips (pain score 6). She received 39 sessions of HBO (daily session, which last 2 h with pressure of 2.5 PSI). She reported no changes in her hip pain (pain score 6), and MRI of the hips done 1 year after treatment showed deterioration of the lesions (Fig. [3](#F3){ref-type="fig"}).

Discussion {#sec1_3}
==========

Our study has concluded that HBO can result in some subjective improvement, especially in early stages, and can be helpful to treat early cases to relief their symptoms and prevent progression of AVN to advanced stage. However, further studies on severe cases are needed.

AVN is a specific form of ON driven by bone ischemia disrupting healthy bone remodeling \[[@B2], [@B3]\]. The prevalence of ON shows a significant variation (up to 10%) depending on age. Sickling of RBCs causes venous congestion, and thrombosis in the bone microvasculature resulting in ischemia that is enhanced by the increase of intraosseous pressure secondary to medullary hyperplasia \[[@B4], [@B5]\]. Furthermore, elevated hemoglobin or hematocrit levels in combination with rheological problems lead to sickling and vaso-occlusion, especially in the femoral head sinusoids. The most frequent identified ON sites are the hip (74.6%), shoulder, knee, and ankle \[[@B4], [@B5]\]. The disease may involve the hips bilaterally, and it is common for ON to be asymptomatic, especially in early stages.

The AVN can present with a broad spectrum of clinical manifestations ranging from an incidental finding in asymptomatic patients to severe pain, functional limitations, and compromising of quality of life \[[@B1], [@B2], [@B3], [@B4]\]. However, the imaging findings are similar in all forms, which pass through well-described radiological phases, regardless of the site of involvement.

ON can be diagnosed using different radiologic imaging modalities, ranging from standard radiograph, MRI, and CT to radionuclide scans. Radiolucency, sclerosis, or bone resorption are best seen on MRI and CT. On the other hand, degenerative changes related to collapse are easily detected on plain films. From the different radionuclear scan modalities, positron emission tomography (PET) provides a real-time image of the bony physiology. It is postulated that PET scans can detect ON even earlier than MRI and help to predict the disease progression \[[@B7]\].

Conservative treatment (such as pain control, bed rest with traction of the affected limb to relieve the weight, weight-bearing restriction, gradual weight-bearing activities, ambulatory assistive devices, and physiotherapy, including anti-gravity muscle strengthening exercises and a non-joint loading range of motion exercises) has been suggested only for early stages with tiny lesions or among patients where surgical treatment contraindicated \[[@B1], [@B2], [@B3]\]. Various medical therapies, including bisphosphonate, prostaglandin infusions, statins, and HBO therapy have also been proposed with variable results \[[@B8], [@B9], [@B10], [@B11], [@B12], [@B13], [@B14]\].

Nonoperative treatments might be very beneficial in the early stages of the disease, before ON progress to collapse of the femoral head articular surface.

When the deterioration of ON is rapid, operative intervention is necessary. Surgical intervention depends on the stage of the disease. In the early stages of ON, options include core decompression with or without bone grafting to attempt to prevent disease progression. In patients with severe pain and advanced disease, primary total hip arthroplasty (THA) is the most valid option to relieve the pain and restore functional impairment. Postoperative complications of THA include blood loss requiring transfusion, episodes of VOC, infections, and acute chest syndrome. Infection around the prosthesis is of particular concern for patients with SCD because they are more prone to recurrent bacteremia which may result in hematogenous seeding of the prosthesis \[[@B15], [@B16], [@B17]\].

In consideration of the current knowledge and the positive results of HBO for the treatment of sickle cell crisis \[[@B18]\], priapism \[[@B19]\], leg ulcers \[[@B20]\], and central retinal artery occlusion (CRAO) \[[@B21]\], we treated our 3 young adult patients with SCD and AVN with HBO. Two out of the 3 patients had positive results to treatment.

A study published by Camporesi et al. \[[@B6]\] reported a significant pain improvement, after 20 oxygen treatments for 6 weeks in a hyperbaric chamber, in 20 patients with unilateral femoral head necrosis. All patients remained symptoms free in the 7-year follow-up period and none of them required hip arthroplasty. Substantial radiographic healing of the ON was observed in 7 of 9 hips. Similar results were reported by Moon et al. \[[@B22]\]. The authors selected 12 patients who suffered from early-stage AVN of the head of the femur (four bilateral); they received daily HBO therapy for 100 days. Overall, 81% of patients who received this therapy showed a normal MRI scan compared to 17% in the control group.

HBO therapy is a way to deliver very high arterial oxygen tension ranging between 1,000 and 1,600 mm Hg to achieve tissue oxygen tension around 400 mm Hg by exposing the patient to very high oxygen tension in a closed chamber over multiple sessions (ranging from 2 to 40 sessions) \[[@B22]\].

The use of HBO leads to increased arterial oxygen tension that may reverse RBCs sickling in the microcirculation. Also, the elevated level of pO2 may decrease the risk of tissue ischemia and infarction \[[@B23]\]. HBO can exert its beneficial effects on AVN by enhancing the molecular signaling that helps accelerate bone remodeling. It also promotes the osteogenic differentiation of mesenchymal stem cells \[[@B24]\]. HBO also inhibits osteoclast formation and bone resorption \[[@B25]\]. HBOT can have some anti-inflammatory effect in patients with AVN as it lowers the level of IL-1b, TNF-a, and IL-6, which are key cytokines for bone resorption.

These effects can explain the resolution of edema seen in radiological imaging and the relief of AVN symptoms by decreasing the bone internal pressure, restoring venous return, and improving microcirculation \[[@B26]\]. Furthermore, HBO can promote the viability and activity of the phagocytic cells which are beneficial to the absorption and removal of necrotic bone tissue \[[@B27]\].

Side effects of HBO therapy include problems in the middle ear pressure equalization, sinus, and tooth squeeze. These complications are correlated strongly to the number of treatment sessions received \[[@B28]\]. Ambiru et al. \[[@B28]\] reported a complication rate of 8.1% in patients that received 11--29 treatments, the percentage was higher (17.1%) when the number of HBO treatments was ≥30. However, none of these side effects occurred in our patients.

Strengths of our study include studying of AVN cases secondary to SCD which is considered as a very specific study and the first study done in the Middle Eastern population.

Limitations of our study include the small number of patients in the study which decreases the power of our study. Our study was performed on middle-age patients which can make it difficult to generalize the results to include a population of children.

In summary, although it is not possible to draw any therapeutic conclusions for using HBO therapy in the management of ON in patients with SCD, further studies are encouraged to assess its safety and efficacy.
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![**a** Sagittal STIR (short T1 inversion recovery) of the left hip joint before treatment with HBO shows geographical subarticular area of high-signal intensity in the head of femur involving 45% of the femoral head (stage IC, severe). No detected structural collapse of the head. **b** Sagittal STIR of the left hip after treatment shows that decrease in the subarticular is of high-signal intensity involving about 25% of the femoral head (stage IB, moderate) denoting improvement of the condition.](cro-0013-0365-g01){#F1}

![**a** Sagittal T2 fat suppressed image of the left shoulder before treatment with hyperbaric oxygen shows subarticular geographical areas of high-signal intensity involving about 45% of the head of the humerus (stage IC, severe). No detected structural collapse of the head. Also noted geographical high-signal intensity in the proximal shaft. **b** Sagittal T2 fat suppressed image of the left shoulder after treatment shows nearly stable appearance of subarticular areas of high-signal intensity in the head of the humerus. However, significant improvement is noted in the proximal shaft with absence of high-signal intensity.](cro-0013-0365-g02){#F2}

![**a** Sagittal STIR (short T1 inversion recovery) of the left hip joint before treatment with hyperbaric oxygen shows geographical subarticular areas of high-signal intensity in the head of the femur involving 35% of the femoral head with no definite collapse (stage IC, severe). **b** Sagittal STIR of the left hip after treatment shows an increase in the areas of high-signal intensity involving now about 45% of the femoral head with subchondral cystic changes (stage IIC, severe) denoting worsening of the condition.](cro-0013-0365-g03){#F3}
